Investigation of the chemical identity of soluble organophosphorus compounds found in natural waters by Minear, Roger A. & Walanski, Kenneth A.
WRC RESEARCH REPOR'T NO. 86 
INVESTIGATION OF THE CHEMICAL IDENTITY OF 
SOLUBLE ORGANOPHOSPHORUS COMPOUNDS FOUND I N  
NATURAL WATERS 
Roger A. Minear,  P r o j e c t  D i r e c t o r  
and 
Kenneth A. Walanski 
Department of Environmental  Engineer ing  
I l l i n o i s  I n s t i t u t e  of Technology 
Chicago, I l l i n o i s  
F I N A L  R E P O R T  
P r o j e c t  No. A-060-ILL 
The work upon which t h i s  p u b l i c a t i o n  i s  based was suppor ted  by funds  
provided by t h e  U.  S.  Department of t h e  I n t e r i o r  as a u t h o r i z e d  
under  Water Resources Act of 1964, P.L. 88-379. 
Agreement No. 14-31-0001-3813. 
UNIVERSITY OF ILLINOIS 
WATER RESOURCES CENTER 
2535 Hydrosystems Labora to ty  




INVESTIGATION OF THE CHEMICAL IDENTITY OF 
SOLUBLE ORGANOPHOSPHORUS COMPOUNDS FOUND 
I N  NATURAL WATERS 
The a b i l i t y  of va r ious  l abo ra to ry  a l g a l  c u l t u r e s  t o  gene ra t e  s u b s t a n t i a l  
q u a n t i t i e s  of d i sso lved  organic  phosphorus (DOP) compounds has  been de- 
monstrated.  Af t e r  i s o l a t i o n  and concent ra t ion  of t he se  compounds by low 
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p r o f i l e s  on Sephadex g e l s  were obtained.  Comparison between DOP and 
i n o s i t o l  phosphate p r o f i l e s  on Sephadex G-25 prompted s p e c i f i c  s t u d i e s  
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I. INTRODUCTION 
A. Objec t ives :  This  p r o j e c t  was developed t o  u l t i m a t e l y  e s t a b l i s h  
t h e  chemical i d e n t i t y  of t h e  low molecular weight  component of n a t u r a l l y  
occur r ing  d isso lved  o rgan ic  phosphorus compounds (DOP). S ince  t h e s e  com- 
pounds a r e  p re sen t  a t  extremely low concen t r a t i ons  i n  h igh ly  complex 
s o l u t i o n s ,  s p e c i a l i z e d  techniques must b e  employed t o  s e p a r a t e  and iden- 
t i f y  t h e s e  compounds. A s  a  f i r s t  s t e p  i n  reducing the  complexi t ies  of 
n a t u r a l  systems, i n v e s t i g a t i o n s  were r e s t r i c t e d  t o  l abo ra to ry  systems of 
pure  a l g a l  c u l t u r e s  w i th  t h e  fol lowing s p e c i f i c  o b j e c t i v e s :  
(a )  Eva lua te  t h e  build-up of DOP i n  s o l u t i o n  f o r  va r ious  a l g a l  
s p e c i e s  under d i f f e r i n g  cond i t i ons  t o  provide s u f f i c i e n t  DOP f o r  in- 
v e s t i g a t i o n  wh i l e  minimizing t h e  r e s i d u a l  s o l u b l e  or thophosphate  con- 
c e n t r a t i o n .  
(b) U t i l i z e  molecular s i z e  s e p a r a t i o n  techniques t o  c h a r a c t e r i z e  
and s e p a r a t e  t h e  DOP compounds i n t o  s i z e  f r a c t i o n s  f o r  f u r t h e r  s tudy .  
(c)  Examine t h e  c u l t u r e  s o l u t i o n s  f o r  t h e  presence of i n o s i t o l  
phosphate compounds which a r e  known t o  comprise a  p o r t i o n  of s o i l  and 
sediment phosphorus. 
(d) Explore d e r i v a t i z a t i o n  of DOP compounds by s i l y l a t i o n  t o  form 
v o l a t i l e  c o n s t i t u e n t s  capable  of gas  chromatographic s e p a r a t i o n  and sub- 
sequent  i d e n t i f i c a t i o n .  
The above o b j e c t i v e s  were considered pre l iminary  t o  t h e  longer  term 
g o a l  of extending techniques and r e s u l t s  from t h i s  s tudy  t o  u s e  of radio-  
l abe l ed  phosphorus f o r  g r e a t e r  d e t e c t i o n  s e n s i t i v i t y  and u s e  of mass 
spectrometry f o r  i n d i v i d u a l  compound i d e n t i f i c a t i o n  f o r  which funding 
would b e  sought a s  Phase I1 (which has  been a s su r r ed ,  J u l y  1 , 1 9 7 4 ) .  The com- 
bined r e s u l t s  of Phases  I and I1 would u l t i m a t e l y  l e a d  t o  a n  a s s a u l t  upon 
t h e  more complex n a t u r a l  aqueous environment DOP system.  
1;. Background: That  DOP forms r e p r e s e n t  a  s i g n i f i c a n t  and ,  a t  t i m e s ,  
t h e  major p o r t i o ~ l  of t h e  t o t a l  pllosphorus i n  n a t u r a l  w a t e r s  h a s  been 
e s t a b l i s h e d .  Of t h i s  s o l u b l e  organophosphorus ,  1 5  t o  20 p e r c e n t  is 
1- 3 
of a p p a r e n t  molecu la r  we igh t  e q u a l  t o  o r  g r e a t e r  t h a n  50,000.  
A c o n s i d e r a b l e  body of  i n f o r m a t i o n  e x i s t s  a t t r i b u t i n g  e x c r e t i o n  of  
o r g a n i c  phosphorus compounds t o  v a r i o u s  p l a n k t o n i c  s o u r c e s ,  l i v e  zoo- 
4 , s  14- 17 p l a n k t o n ,  l i v e  phy top lank ton ,  '-I3 and dead decomposing organisms.  
C e r t a i n l y ,  r e l e a s e  by c e l l u l a r  d e a t h  and r u p t u r e  would b e  expec ted  and 
is l i k e l y  t h e  s o u r c e  of d i s s o l v e d  DNA f ragments  i n  a l g a l  c u l t u r e s  and 
n a t u r a l   water^,"^ d e s p i t e  r e c e n t  c l a ims  t o  t h e  c o n t r a r y .  However, 
t h e  bu i ld -up  of d i s s o l v e d  o r g a n i c  phosphorus i n  p u r e  a l g a l  c u l t u r e s  
p r i o r  t o  t h e  i n i t i a t i o n  of t h e  d e a t h  phase ,  c l e a r l y  i n d i c a t e s  t h e  p res -  
ence  of a n o t h e r  r e l e a s e  mechanism. I t  h a s  been proposed t h a t  t h i s  
r e l e a s e  may r e p r e s e n t  m e t a b o l i c  w a s t e  d i s p o s a l  a c r o s s  t h e  c e l l  w a l l .  1 3  
Such a  mechanism would b e  c o n s i s t e n t  w i t h  t h e  h i g h  t u r n o v e r  r a t e s  r e -  
p o r t e d  f o r  s o l u b l e  o r g a n i c  phosphorus and o r t h o p h o s p h a t e  i n  a q u a t i c  
s y s  tems . 
Knowledge a b o u t  t h e  s p e c i f i c  n a t u r e  of t h e  DOP compounds i s  s p a r s e .  
J e f f  e r y  e t  a l .  demons t r a c e d  t h e  p r e s e n c e  of p h o s p h o l i p i d s  i n  s e a w a t e r ,  
however, t h e r e  i s  a t  l e a s t  some r e a s o n  t o  s u s p e c t  p r e s s u r e  damage t o  
mar ine  organisms.  Al though,  ~ u e n z l e r ~ '  found 8 t o  11 s e p a r a t e  compounds 
i n  a x e n i c  mar ine  a l g a l  c u l t u r e s  based  upon t h i n - l a y e r  chromatographic  
s t u d i e s ,  cochromatographing known compounds a f f o r d e d  no i d e n t i f i c a t i o n .  
These s t u d i e s  and Watt and ~ a ~ e s l ~  a c t i v a t e d  ca rbon  column c h a r a c t e r i z a t i o n  
of DOP comprise  t h e  b a l a n c e  of t h e  i n f o r m a t i o n  r e g a r d i n g  t h e  s p e c i f i c  
n a t u r e  of t h e s e  compounds. 
I n o s i t o l  hexaphosphate and t h e  lower phosphates have been t h e  s u b j e c t  
of numerous i n v e s t i g a t i o n s  wi th  r e s p e c t  t o  t h e i r  presence and abundance i n  
s o i l  and sediment. The former mat r ix  has  a h i s t o r y  of over s i x t y  yea r s  of 
i n v e s t i g a t i o n  whi le  r e sea rch  pe r t a in ing  t o  sediment i n o s i t o l  phosphate con- 
t e n t  has  evolved only r ecen t ly .  Table 1 summarizes a po r t ion  of t h e  s o i l  
r e sea rch  l i t e r a t u r e .  
I n  1973, Wildung and schmidt31 s tud ied  t h e  forms of phosphorus i n  
sediments from Upper Kalamath Lake i n  Oregon, inc luding  i n o s i t o l  hexa- 
phosphate whi le  ~ e i m e r ~ ~  measured t h e  q u a n t i t i e s  of i n o s i t o l  phosphates 
i n  s e l e c t e d  sediments from two Wisconsin l akes  and surrounding watershed 
s o i l s .  Weimer found 12  t o  63 percent  of t h e  t o t a l  sediment phosphorus 
a t t r i b u t a b l e  t o  i n o s i t o l  phosphates. Correspondingly, 32 t o  9 1  percent  
of t he  s o i l  phosphorus was comprised of t hese  compounds. 
I n o s i t o l  is t h e  common name f o r  hexahydroxycyclohexane, (1 ,  2, 3,  4,  
5, 6-Cyclohexanehexol). It has  a molecular weight of 180.6 and a mel t ing  
po in t  of 249-250' C .  The formula f o r  t h e  compound is C 6 H 1 2  0 6' There 
a r e  e i g h t  poss ib l e  isomers of t h e  compound, one of which is racemic. It 
is p o s s i b l e  f o r  phosphate groups t o  form phosphate e s t e r  l i nkages  wi th  
t h e  i n o s i t o l  molecule. Since t h e r e  a r e  s i x  such a v a i l a b l e  s i t e s ,  a maximum 
of s i x  phosphate groups can form phosphate e s t e r  l inkages .  There a r e  
theref  o r e  s i x  poss ib l e  i n o s i t o l  phosphates, t h e  hexa, penta ,  t e t r a ,  t r i ,  
d i  and mono phosphates each of which t h e o r e t i c a l l y  may e x i s t  a s  s e v e r a l  
isomeric  forms. The i n o s i t o l  phosphates have been known by s e v e r a l   common^ 
names. The hexaphosphate of myo-inositol (myo-IHP) has  been c a l l e d  phy t i c  
a c i d  and a l s o  phyt in .  Others r e f e r  t o  phyt in  a s  t h e  mixed calcium-mag- 
nesium s a l t  of IHP. These terms a r e  a l l  l oose ly  used and sometimes 
inc lude  o t h e r  s a l t s  a s  w e l l  a s  lower i n o s i t o l  phosphate e s t e r s  ( ~ n d e r s o n ~ ~ ) .  
Table 1. Summary of Research on S o i l  I n o s i t o l  Phosphates 
YEAR 
1914 
NATURE OF INVESTIGATION 
IMP ex t r ac t ed  from wheat bran ,  p u r i f i e d  and i d e n t i f i e d  by elemental  
a n a l y s i s .  
IT r iP  ex t r ac t ed  from wheat bran ,  p u r i f i e d  and i d e n t i f i e d  by elemental  
a n a l  y s  is . 
I s o l a t i o n  of i n o s i t o l  from Hawaiian s o i l s  and l i n k  suggested t o  
organic  phosphorus content  of s o i l  as IMP. 
V e r i f i c a t i o n  of IHP r e s i s t a n c e  t o  a l k a l i n e  bromination procedure t o  
i s o l a t e  IHP from o the r  organics  and p r e c i p i t a t i o n  wi th  i ron .  Fe/P 
r a t i o s  and Fischler-Kurten t e s t  used t o  a s s i g n  i d e n t i t y .  
V e r i f i c a t i o n  of IHP r e s i s t a n c e  t o  a l k a l i n e  bromination. I s o l a t e d  
IHP from s o i l  and s tud ied  enzymatic a t t a c k .  
I n v e s t i g a t i o n  of IHP and lower phosphates i n  two s o i l  groups. Found 
50% of t o t a l  s o i l  P, comprised of t hese  compounds except no IMP found. 
IHP was 75% of t h e  t o t a l  i n o s i t o l  phosphates.  
Development of anion exchange technique f o r  s e p a r a t i o n  of i n o s i t o l  
phosphates.  Lower phosphates produced from IHP by enzymatic break- 
down. 
S p e c i f i c  and q u a n t i t a t i v e  an ion  exchange and technique f o r  IHP. Im- 
provement on procedure of Smith and Clark  and used on s o i l  
Separa t ion  of s o i l  i n o s i t o l  phosphates w i th  anion exchange a f t e r  
a l k a l i n e  bromination. Seven components ob ta ined ,  and ass igned  
i d e n t i t i e s  a s  lower phosphates,  myo-IHP, DL-IHP and scyllo-IHP 
by paper chromatography. 
Chromatographed i s o l a t e d  s o i l  o rganic  phosphorus on Sephadex G-75 g e l .  
Found low and high molecular weight i n o s i t o l  phosphates and hypoth- 
e s i c i d  presence of polymeric forms o r  binding t o  h igh  molecular weight 
m a t e r i a l s .  
REFERENCE 
Anderson 21 
Anderson 2 2 
Yoshida 2 3 
Dyer, e t  a l .  24 
Wrenshall and Dyer 25 
Brower 2 6 
Smith and Clark  2 7 
Caldwell and Black 2 8 
Cosgrove 2 9 
Moyer and Thomas 30 
For c l a r i t y  and cons is tency  i n  t h i s  manuscript ,  t h e  term i n o s i t o l  
phosphate w i th  t h e  p r e f i x  hexa, penta ,  tetra, tri, d i  o r  mono w i l l  b e  used 
where app l i cab le .  The abbrevia t ions ,  IHP, IPP, ITetP, ITr iP ,  IDP and IMP 
w i l l  be  used f o r  b r e v i t y .  The term "lower i n o s i t o l  phosphates" w i l l  re-  
f e r  c o l l e c t i v e l y  t o  a l l  of t h e  i n o s i t o l  phosphates except  t h e  hexaphosphate 
form. 
Wheat bran  has  been found t o  b e  a sou rce  of i n o s i t o l  diphosphate  
2 1 2 2 (R. J. Anderson ) and a source  of i n o s i t o l  t r i phospha te  (R. J. Anderson ). 
I n o s i t o l  hexaphosphate occurs  i n  p l a n t  t i s s u e  and is r epor t ed  t o  b e  t h e  
3 3 p r i n c i p a l  source  of phosphate i n  many g r a i n s  (Anderson ) Caldwell and . 
28 Black demonstrated t h a t  a mixed n a t u r a l l y  occurr ing  s o i l  micro-organism 
community when innocula ted i n t o  s o i l  samples t o  which inorganic  n u t r i e n t s  
had been added, produced IHP. No work uncovered t o  d a t e  has  demonstrated 
t h a t  a l g a e  a r e  a source  of i n o s i t o l  phosphates.  
The importance of more f u l l y  understanding t h e  n a t u r a l  phosphorus 
cyc l e  is a l s o  r e l a t e d  t o  t h e  a n a l y s i s  of orthophosphate i n  n a t u r a l  a q u a t i c  
systems. I n  r e c e n t  yea r s ,  t h e  s t u d i e s  of Kuenzler and ~ e t c h u m , ~ ~  R i g l e r ,  3 5 
and Chamberlain and shapiroS6 have presented evidence t h a t  t h e  ope ra t iona l -  
l y  def ined37 ' 38 orthophosphate a n a l y s i s  may much l e s s  c l o s e l y  approximate 
t h e  conceptual  o r  r e a l  l e v e l s  than has  been previous ly  thought. Over 
e s t ima t ion  by 1 t o  2 o rde r s  of magnitude may i n  f a c t  b e  occurr ing  due t o  
c o n t r i b u t i o n s  by t h e  DOP f r a c t i o n .  
11. METHODOLOGY 
A. Alga l  cu l tu re s :  Batch c u l t u r e s  were grown i n  l a r g e  volume systems 
under axenic  condi t ions  al though b a c t e r i a l  presence was no t  monitored. A 
schematic of t h e  c u l t u r e  appara tus  is given i n  F igure  1 and t h e  growth 















was i n i t i a l l y  10  t o  1 5  l i t e r s  and a l l  appara tus  between t h e  c o t t o n  f i l t e r  
systems were s t e r i l i z e d .  Trace n u t r i e n t s  capable of p r e c i p i t a t i o n  during 
au toc lav ing  were f i l t e r  s t e r i l i z e d  (0.22 p membranes) and added t o  t h e  
c u l t u r e  v e s s e l  v i a  t h e  septum us ing  s t e r i l e  technique. Cu l tu re  inoccula- 
t i o n  was accomplished i n  s i m i l a r  fash ion .  
0 Incubat ion  was under cons tan t  temperature of 20 + 1 C and f l u o r e s c e n t  
l i g h t i n g  (convent ional ,  2 tube,  4 f o o t  u n i t s  suspended v e r t i c a l l y  above 
t h e  c u l t u r e  v e s s e l s  a t  a d i s t a n c e  of 18  inches) .  
A t  p e r i o d i c  i n t e r v a l s ,  a c u l t u r e  medium sample was withdrawn asep- 
t i c a l l y  v i a  t h e  septum and analyzed f o r  phosphorus forms us ing  t h e  Murphy 
and ~ i l e ~ ~ '  a sco rb ic  a c i d  method f o r  orthophosphate and t h e  Menzel and 
4 0 Corwin wet combustion technique f o r  conversion of organic  phosphorus t o  
orthophosphate.  Phosphorus a n a l y s i s  were preceded by f i l t r a t i o n  through 
0.45 p membrane f i l t e r s  a t  low p res su re  d i f f e r e n t i a l .  
Cu l tu re  s o l u t i o n s  taken f o r  f u r t h e r  i n v e s t i g a t i o n  were processed 
193 and u l t i m a t e l y  f r e e z e  d r i ed  a s  prev ious ly  descr ibed  by Minear. 
B. Molecular F rac t iona t ion :  Sephadex g e l  f i l t r a t i o n  chromatography 
was employed f o r  molecular s i z e  c h a r a c t e r i z a t i o n  and s e p a r a t i o n  of DOP 
compounds. 
Gel chromatography is a r e l a t i v e l y  r e c e n t  development (wi th in  t h e  
p a s t  10 yea r s )  i n  l i q u i d  phase chromatography. The "gel" which forms 
t h e  s o l i d  phase is  a product of t h e  r e a c t i o n  of epichlorohydrin wi th  a 
carbohydrate  polymer known a s  dextran.  Dextran is  produced by t h e  
bacterium, Leuconostoc mesemteroides whi le  growing on sucrose .  The g e l  
produced i n  t h i s  manner is  commonly r e f e r r e d  t o  a s  dex t r an  g e l  and whi le  
i t s  exac t  chemical s t r u c t u r e  is  n o t  known, i t  is be l ieved  t o  b e  of t h e  
form shown i n  F igure  2. 

By c o n t r o l l i n g  t h e  r e l a t i v e  amounts of ep ich lorohydr in  and dex t r an  
dur ing  t h e  r e a c t i o n ,  t h e  degree  of c ros s - l i nk ing  between t h e  dex t r an  
cha ins  can be  v a r i e d .  When t h e  dex t r an  g e l  is pu t  i n  a s u i t a b l e  s o l v e n t ,  
it swe l l s  and c r e a t e s  "pores." The degree  of swe l l i ng  of t h e  g e l  and 
consequent ly  t h e  s i z e  of t h e  pores  is a func t ion  of t h e  degree  of c ross -  
l i n k i n g  between t h e  dex t r an  cha ins .  Thus, g e l s  w i th  v a r i o u s  pore  s i z e s  
can b e  manufactured. The presence of pores  is t h e  b a s i s  f o r  t h e  a b i l i t y  
of t h e  g e l  t o  s e p a r a t e  s o l u t e  molecules on t h e  b a s i s  of molecular  s i z e .  
Dextran g e l s  a r e  suppl ied  i n  t h e  form of beads. They a r e  commercially 
a v a i l a b l e  under t h e  t r a d e  name Sephadex from Pharmacia F ine  Chemicals, 
Uppsala, Sweden. 
The s e p a r a t i o n  of s o l u t e  molecules o r  t h e  b a s i s  of molecular  s i z e  by 
g e l  chromatography can be  v i s u a l i z e d  by a comparat ively s imple model. 
F igure  3 shows a schematic  r e p r e s e n t a t i o n  of s e p a r a t i o n  of two d i f f e r e n t  
s i z e d  molecules by means of g e l  chromatography. The smal l  b l ack  d o t s  
r ep re sen t  t h e  sma l l e r  ( i n  a c t u a l  molecular  s i z e )  molecules wh i l e  t h e  
l a r g e  b l ack  d o t s  r ep re sen t  t h e  l a r g e r  molecules.  The l a r g e  wh i t e  d o t s  
r e p r e s e n t  t h e  swollen g e l  beads.  The mixture  of t h e  l a r g e r  and sma l l e r  
molecules is app l i ed  a t  t h e  top  of t h e  column and an e l u e n t  r e s e r v o i r  
(no t  shown) c o n t i n u a l l y  appl ied  a n  e l u e n t  t o  t h e  top  of t h e  column. I n  
(A) t h e  s o l u t e  mix ture  begins  i ts  passage through t h e  column. S ince  t h e  
g e l  beads have pores  of va r ious  s i z e s ,  t h e  s o l u t e  molecules can d i f f u s e  
i n t o  t h e  beads provid ing  t h e  l a r g e s t  pore s i z e  is l a r g e r  than  t h e  b igges t  
molecule.  I f ,  however, some s o l u t e  molecules a r e  l a r g e r  than  t h e  l a r g e s t  
pores ,  they  cannot d i f f u s e  i n t o  t h e  g e l  bead and a r e  s a i d  t o  b e  excluded 
from t h e  g e l .  To s i m p l i f y  t h e  example i n  F igu re  3,  i t  w i l l  be  assumed 
t h a t  t h i s  is t h e  c a s e  f o r  t h e  l a r g e  b l ack  do t s .  I n  (B), t h e  e l u e n t  ha s  

t ranspor ted  the  l a r g e  molecules f u r t h e r  down t h e  column b u t  t he  smal l  
molecules now must d i f f u s e  o u t  of t h e  g e l  beads be fo re  they can continue 
down the  column. A s  t h e  process r epea t s  i t s e l f ,  t h e  l a r g e r  molecules 
become f u r t h e r  separa ted  from the  smal le r  ones. I n  (C), t h e r e  is a 
complete sepa ra t ion  of t h e  smaller  from the  l a r g e r  molecules. The 
l a r g e r  molecules w i l l  t he re fo re  b e  e lu t ed  from t h e  column ahead of t h e  
smal le r  molecules. 
A s imple way t o  view the  sepa ra t ion  of molecules is t o  observe t h e  
volume of so lven t  which the  molecules can occupy. The l a r g e s t  molecules 
cannot pene t r a t e  t h e  pores of the  g e l  and the re fo re  cannot d i f f u s e  i n t o  
them. The maximum volume they can occupy is t h a t  which surrounds t h e  
ge l .  This volume is c a l l e d  t h e  Exclusion Volume o r  Vo. The smal le r  
molecules can d i f f u s e  i n t o  the  pores,  and depending on r e l a t i v e  s i z e s  of 
t h e  s m a l l e s t  pores and t h e  sma l l e s t  molecule (o r  i o n ) ,  can d i f f u s e  i n t o  
a maximum volume equal  t o  the  volume around t h e  g e l  beads p lus  t h e  so l -  
ven t  volume i n s i d e  t h e  g e l  beads. This is c a l l e d  t h e  Inner  Volume o r  
sometimes the  Inc lus ion  Volume (Vi). The remaining volume is  t h e  volume 
of t h e  g e l  mat r ix  i t s e l f ,  (V,). This can be seen  mathematically a s  
A s  a consequence of d i f f u s i o n  being the  mechanism f o r  s epa ra t ion  of 
s o l u t e  molecules, i t  follows, therefore, t h a t  s o l u t e  molecules w i l l  be  
e lu t ed  i n  order  of decreasing molecular s i z e  provided t h a t  t h e r e  is no 
i n t e r a c t i o n  between the  s o l u t e  molecules and the  g e l  matr ix.  Ce r t a in  
condi t ions  a r e  necessary t o  ensure t h i s  l a c k  of i n t e r a c t i o n  among which 
is maintenance of adequate i o n i c  s t r e n g t h  i n  the  e l u t i n g  s o l u t i o n  
3 ( ~ e t e r m a n n ~ l ,  Minear ).  The volume a t  which a s p e c i e  is e lu t ed  i s  simply 
c a l l e d  t h e  Elu t ion  Volume, (V,). The Ve of a spec ie  may be  equal t o  V 
0 
o r  Vi o r  maybe somewhere i n  between. Table 3 lists t h e  e l u t i o n  parameters 
which a r e  most commonly used i n  g e l  chromatography s t u d i e s .  
An important  d i s t i n c t i o n  must be  made between the  molcular s i z e  and 
molecular  weight of a substance.  While an i nc reas ing  molecular weight ,  
e s p e c i a l l y  of complex b i o l o g i c a l  subs tances ,  u s u a l l y  means an i n c r e a s e  
i n  molecular  weight ,  t h i s  is an ove r s imp l i f i ca t i on .  Table  4 l i s ts  t h e  
v a r i o u s  forms of Sephadex g e l s  a v a i l a b l e  and t h e  f r a c t i o n a t i o n  range f o r  
dext rans .  These f r a c t i o n a t i o n  ranges f o r  dex t rans  can only  b e  taken a s  
I approximate f r a c t i o n a t i o n  ranges f o r  o t h e r  molecular spec i e s .  Associa- 
t i o n  w i th  water  molecules,  molecular geometry, so lven t - so lu t e  i n t e r a c t i o n  . \ 
and l a s t l y  t h e  pos s ib l e  i n t e r a c t i o n  of t h e  s o l u t e  s p e c i e  w i th  t h e  g e l  
ma t r ix  may no t  r e s u l t  i n  t h e  same f r a c t i o n a t i o n  ranges f o r  o t h e r  mole- 
c u l a r  spec i e s .  To a s s i g n  a molecular weight t o  an  unknown subs tance  on 
the  b a s i s  of i t s  e l u t i o n  volume from a g e l ,  i s  not  a v a l i d  procedure.  
Gel s t u d i e s  were conducted i n  upward flow columns us ing  i n - l i n e  
sample i n j e c t i o n  by t h r e e  way va lve .  E lu t ion  was accomplished wi th  0.05 
N NH HCO t o  main ta in  b a s i c  cond i t i ons  and adequate  i o n i c  s t r e n g t h .  4 3 
Ind iv idua l  f r a c t i o n s  w e r e  c o l l e c t e d  f o r  a n a l y s i s  by an automatic  f r a c t i o n  
c o l l e c t o r .  
C .  I n o s i t o l  Phosphate: Pre l iminary  work wi th  th in- layer  chromatography 
on c e l l u l o s e  l a y e r s  was abandoned due t o  inadequate  d e t e c t i o n  s e n s i t i v i t y  
f o r  i n o s i t o l  hexaphosphate e i t h e r  by phosphate d e t e c t i o n  o r  r e s i d u a l  
i n o s i t o l  a f t e r  hyd ro lys i s .  Consequently, no p r e s e n t a t i o n  of t h i s  method- 
ology is included.  
In s t ead ,  a l k a l i n e  bromination procedures employed i n  s o i l  chemistry 
i n v e s t i g a t i o n s  were combined wi th  g e l  chromatography t o  a s say  t h e  presence 
of i n o s i t o l  phosphates.  This  cons i s t ed  of ob t a in ing  G-25 p r o f i l e s  be fo re  
and a f t e r  a l k a l i n e  bromination whi le  o t h e r  organic  compounds, inc lud ing  
t h e  organphosphate,  would b e  destroyed.  
PARAMETER 
Table 3 .  Parameters f o r  t h e  Descr ip t ion  of t h e  Elu t ion  
Behavior i n  Gel Chromatography 
CALCULATION 
d i r e c t  measurement 
REMARKS 
only the  r e s u l t s  obtained on t h e  
same g e l  bed can be  compared 
d i v i s i o n  of t h e  e l u t i o n  
volume (V ) by t h e  
t o t a l  volEme of t h e  g e l  independent of t h e  geometry 
bed (Vt). of t h e  column; s e n s i t i v e  t o  
d i f f e rences  i n  packing dens i ty ;  
g r e a t e s t  accuracy f o r  smal l  V 
e d i v i s i o n  of t he  e l u t i o n  ( l a r g e  molecules) 
volume (V ) by t h e  e l u t i o n  
volume ofe  an excluded sub- 
s t a n c e  (Vo). 
Kd = (ve - vo) /vt 
V .  (volume i n s i d e  of t h e  
1 g e l  g ra ins )  ; dependent 
on t h e  amount of dry ge l  
and i ts  so lven t  r ega in  
upon swell ing (S ) . 
t 
independent of t h e  geometry 
and packing dens i ty  of t h e  
column; unce r t a in ty  i n  t h e  
determinat ion of Vi; g r e a t e s t  
accuracy f o r  l a r g e  V (small 
e 
molecules).  
independent of t h e  geometry 
and packing of dens i ty  of t h e  
column; a l l  columns a r e  e a s i l y  
measured; g r e a t e s t  accuracy f o r  
l a r g e  V (small  molecules).  
e 
Table  4. P r o p e r t i e s  of Commercial Dextran G e l s  Sephadex*) 
P a r t i c l e  
size**) 
(d ry ;  i n  p )  
Water 
r e g a i n  
(ml la )  
Approximate S e p a r a t i o n  Range 
P e p t i d e s  and Dextran 
g l o b .  p r o t e i n s  f r a c t i o n s  
Gel  Bed 
(mllg)  Type 
G-10 
G-15 
G-25, c o a r s e  
G-25, medium 
G-25, f i n e  
G-50, c o a r s e  
G-50, medium 





*) According t o  s t a t e m e n t s  by t h e  manufacturer :  Pharmacia F i n e  Chemicals,  
Uppsala (Sweden). 
**) A l l  t y p e s  a r e  a l s o  a v a i l a b l e  i n  t h e  p a r t i c l e  s i z e  >>Super f ine<< (10-40 u ) .  
The g e n e r a l  a l k a l i n e  brominat ion procedure  c o n s i s t e d  of t h e  fol low- 
i ng  : 
1. To a  p a r t i c u l a r  volume of sample (5.7 - 98 ml) were added 1 0  m l  
of 5  N NaOH and 10  m l  of s a t u r a t e d  bromine water (excess  bromine p l u s  
d i s t i l l e d  wate r  al lowed t o  e q u i l i b r a t e  f o r  24 hou r s ) .  
2. Heated t o  b o i l i n g  f o r  one hour w i t h  p e r i o d i c  a d d i t i o n  of d i s t i l l e d  
wa t e r  as necessa ry .  
3.  N e u t r a l i z a t i o n  t o  pH 6.5 - 6.8 w i t h  6  N HC1.  
4. F i l t r a t i o n  t o  remove p r e c i p i t a t i o n  formed upon n e u t r a l i z a t i o n .  
When v a r i a t i o n s  i n  t h e  above procedure  were used,  they  a r e  i n d i c a t e d  
i n  t h e  r e s u l t s  s e c t i o n .  
Of f o u r  s p e c i f i c  chemical t e s t s  f o r  i n o s i t o l  and i n o s i t o l  phosphates  
( ~ e i ~ 1 , ~ ~  F i s c h l e r  and ~ u r t e n , ~ ~  Nagui and ~ i r n u r a ~ ~ )  t h e  fo l lowing  
procedure  from F e i g l  was used: 
"On a s p o t  p l a t e ,  a drop  of aqueous t e s t  s o l u t i o n  is taken  t o  dry- 
ne s s  w i t h  a drop  of concen t ra ted  n i t r i c  a c i d .  A d rop  of 5  pe r cen t  c a l -  
cium c h l o r i d e  and a drop  of concen t ra ted  armonia a r e  added t o  t h e  r e s idue .  
A f t e r  evapo ra t i on ,  t h e  s p o t  p l a t e  is kep t  a t  180'. According t o  t h e  
q u a n t i t y  of i n o s i t o l  p r e sen t ,  a brown red  t o  l i g h t  r ed  r e s i d u e  is ob- 
t a i n e d  a t  once o r  a f t e r  4-10 minutes  a t  t h e  most. L imi t  of i d e n t i f i c a t i o n  
2.5 ugm i n o s i t o l . "  
D.  T r i m e t h y l s i l y l  D e r i v i t i z a t i o n :  The fo rmat ion  of t r i m e t h y l s i l y l  
e t h e r s  and e s t e r s  has  been used e x t e n s i v e l y  t o  i n c r e a s e  t h e  v o l a t i l i t y  
of p o l a r  hydroxy and a c i d i c  compounds f o r  gas  chromatographic a n a l y s i s .  
A review of t h e s e  procedures  and a b ib l i og raphy  of s p e c i f i c  a p p l i c a t i o n s  
ha s  been assembled by p i e r c e .  45 S p e c i f i c  a p p l i c a t i o n s  t o  phosphate  com- 
pounds have been de sc r i bed  by   an cock^^ f o r  adenos ine  d e r i v a t i o n s ,  v a r i o u s  
r i b o n c l e o t i d e s  by Hashizume and ~ a s a k i ,  47 sugar  phosphates by Sweeley 
e t  ,1. ,48 Horning e t  a1. ,49 Eisenberg and Bolden, and Hashizume and 
-
51 Sasaki .  Aqueous or thophosphate  conversion t o  t h e  TMS d e r i v a t i v e  has  
been r epo r t ed  by Wiese and   an son^^ and Bu t t s  and ~ a i n e y ~ ~  converted 
or thophosphate  and s e v e r a l  o t h e r  oxygen an ion ic  s p e c i e s  t o  v o l a t i l e  TMS 
d e r i v a t i o n s  f o r  simultaneous a n a l y s i s  by gas- l iqu id  chromatography. 
D e r i v i t i z a t i o n  s t u d i e s  were conducted by a d d i t i o n  of s o l v e n t  (Dimethyl- 
formamide o r  py r id ine  TMS grade,  P i e r c e  Chemical Company) t o  t h e  s o l i d  
sample followed by a d d i t i o n  of Hexamethyldisilane (HMDS) and t r imethyl -  
c h l o r o s i l a n e  (TMCS) according t o  Sweeley e t  a l .  48 o r  B i s -  ( t r i m e t h y l s i l y l )  
53 t r i f l uo roace t amide  (BSTFA) according t o  Bu t t s  and Rainey i n  serum 
capped v i a l s .  Known compounds and c u l t u r e  s o l i d s  were e i t h e r  used d i r e c t -  
l y  o r  were converted t o  t h e  ammonium s a l t s  w i th  a  c a t i o n  exchange r e s i n  
on t h e  ammonium c y c l e  followed by l y o p h i l i z a t i o n  t o  remove water .  
Chromatography was conducted on a  Varian 1740 gas chromatograph us ing  
a l l  g l a s s  systems conta in ing  va r ious  l i q u i d  p lu se s .  Flame i o n i z a t i o n  
d e t e c t i o n  was used gene ra l l y  a l though phosphorus s p e c i f i c  d e t e c t i o n  wi th  
t h e  a l k a l i  f lame i o n i z a t i o n  d e t e c t o r  was at tempted.  
111. ALGAL PRODUCTION OF DOP 
Four a l g a l  s p e c i e s  (Chlamydomonas r e i n a r d t i i ,  Ch lo re l l a  pyreniodosa, 
Anabaena flos-aqua, and Navicula p e l l i c u l o s a )  were grown i n  pure c u l t u r e  
under va r ious  cond i t i ons  of i n i t i a l  or thophosphate  concen t r a t i on  and 
wi th  o r  wi thout  C02 supplementation. Va r i a t i on  i n  i n i t i a l  or thophosphate  
concen t r a t i on  was examined i n  order  t o  o b t a i n  a  balance between t h e  
o rgan ic  phosphorus l e v e l s  achieved and t h e  r e s i d u a l  or thophosphate  con- 
c e n t r a t i o n  remaining i n  s o l u t i o n .  A t  h igh  i n i t i a l  o r  thophosphate concen- 
t r a t i o n ,  s u f f i c i e n t  i n  organic phosphorus remains i n  s o l u t i o n  such t h a t  
1 
t h e  DOP m a t e r i a l  is not  r e u t i l i z e d  f o r  continued a l g a l  growth. However, 
under these  condi t ions ,  organic phosphorus eva lua t ion  becomes d i f f i c u l t  
from any a n a l y t i c a l  s tandpoin t  because of t h e  a n a l y s i s  methodology. . When 
t h e  i n i t i a l  orthophosphate l e v e l  is too low, complete uptake of ortho- 
phosphate is experienced, t he  DOP f r a c t i o n  seems t o  b e  r e u t i l i z e d  a s  a 
phosphorus source,  and low DOP l e v e l s  r e s u l t .  
Supplementation of t h e  a i r  stream with pure CO (2-4 percent  by 2 
volume) r e su l t ed  i n  rap id  a l g a l  growth i n  some cases ,  s u b s t a n t i a t i n g  
previous workly3  but  was abandoned because of C02 flow c o n t r o l  problems 
encountered. This r e s u l t e d  i n  e r r a t i c  growth behavior and i n h i b i t i o n  of 
c u l t u r e s  i n  some cases.  Ins tead ,  slower growth r a t e s  were accepted 
u t i l i z i n g  only atmospheric a i r .  
Prel iminary s t u d i e s  with roughly 6 mg/l of orthophosphate demonstrated 
t h a t  e r r a t i c  r e s u l t s  f o r  organic phosphorus l e v e l s  were obtained which 
were l i k e l y  a t t r i b u t a b l e  to  a n a l y t i c a l  i-mprecision i. e .  , sub t rac t ion  of 
two l a r g e  numbers ( t o t a l  P - or tho  P = DOP) . The balance of t he  c u l t u r e s  . 
were grown with i n i t i a l  orthophosphate l e v e l s  of 3-4 mg/l. 
Of the  c u l t u r e s  s tud ied ,  Navicula proved to  grow s o  slowly and ex- 
h i b i t e d  much l e s s  orthophosphate uptake than the  o the r  t h r e e  c u l t u r e s .  
Thus, whi le  appearing to  produce DOP, t h e  da ta  were judged u n r e l i a b l e  
and f u r t h e r  work was conducted with the  remaining th ree  a lgae .  Repre- 
s e n t a t i v e  r e s u l t s  f o r  Chlore l la  pyreniodosa and Anabaena flos-squa a r e  
presented i n  Figure 4-8. Resul t s  f o r  Chylamydomonas r e i n h a r d t i i  dupli-  
cated previous f ind ings  by Elinearl'  wi th  the only d i f f e r e n c e  being 
slower growth r a t e s  i n  the  absence of CO supplementation. 2 
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I n  a l l  c a s e s ,  t h e  build-up of DOP r e q u i r e d  one t o  two weeks and t h u s  
i s  l i k e l y  a t t r i b u t a b l e  p r i m a r i l y  t o  r e l e a s e  by c e l l s  t h a t  have  d i e d .  
The p o i n t  o f  t h e s e  i n v e s t i g a t i o n s  was n o t  t o  d e f i n e  a mechanism f o r  re- 
l e a s e  b u t  t o  e s t a b l i s h  c o n d i t i o n s  f o r  o b t a i n i n g  DOP c o n c e n t r a t i o n s  
s u f f i c i e n t  f o r  f u r t h e r  examinat ion.  From t h e  d a t a ,  i t  is a p p a r e n t  t h a t  
DOP c o n c e n t r a t i o n  of 0 . 1  t o  roughly  0 . 5  mg/l can b e  r e a d i l y  ach ieved  and 
w i t h  p roper  s e l e c t i o n  of i n i t i a l  o r thophospha te  l e v e l s  can  b e  made t o  
r e p r e s e n t  t h e  major p r o p o r t i o n  of t h e  t o t a l  s o l u b l e  phosphate .  
A summary of c u l t u r e  media processed f o r  f u r t h e r  s t u d y  is p r e s e n t e d  
i n  Tab les  5 and 6. These samples were  u t i l i z e d  f o r  f u r t h e r  i n v e s t i g a t i o n  
i n  t h e  Sephadex f r a c t i o n a t i o n  and i n o s i t o l  phosphate  s t u d i e s  t o  fo l low.  
Data  on t h e  p e r c e n t  recovery of o r thophospha te  and o r g a n i c  phosphate  from 
r e c o n s t i t u t e d  s o l i d s  is p r e s e n t e d  i n  Tab le  7. 
I V .  SEPHADEX GEL FILTRATION 
Sephadex G-75, G-25, G-15 and G-10 g e l s  were  examined w i t h  r e s p e c t  
t o  t h e i r  s e p a r a t i o n  c a p a b i l i t i e s  w i t h  known compounds and DOP compounds. 
The l a t t e r  m a t e r i a l s  were  r e c o n s t i t u t e d  i n  c o n c e n t r a t e d  s o l u t i o n  by d i s -  
s o l u t i o n  of t h e  f r e e z e  d r i e d  c u l t u r e  i s o l a t e s .  P h y s i c a l  d imensions  of 
t h e  G-75, G-25 and G-10 columns a r e  p r e s e n t e d  i n  T a b l e  8. 
A. G-75 R e s u l t s  : F i g u r e  9 p r o v i d e s  d e f i n i t i o n  o f  t h e  v o i d  volume 
as determined by Blue Dextran 2000 ( a  dyed d e x t r a n  of known molecular  
6 
weigh t  g r e a t e r  t h a n  2 x 1 0  ) and t h e  i n c l u s i o n  volume, which cor responds  
t o  t h e  e l u t i o n  p o s i t i o n  of or thophosphate .  It can b e  s e e n  t h a t  i n o s i t o l  
hexaphosphate  i s  r e s o l v e d  from t h e  o r thophospha te  peak. 
DOP from t h e  Chlamydomonas c u l t u r e  No. l w a s  found t o  d u p l i c a t e  
r e s u l t s  p r e v i o u s l y  r e p o r t e d  by  ine ear" and a r e  n o t  p r e s e n t e d .  F i g u r e s  

-26- 
Tab le  6.  A lga l  Cu l t u r e  Subsample Inven tory .  
Weight of S o l i d s  Volume of Media 
C u l t u r e  F r a c t i o n  Recovered i n  t h e  F r a c t i o n  
Anabaena /I1 
--
A 578 mg 
B 730 mg 
C 418 mg 
C h l o r e l l a  /I2 A 
B 
C 
C h l o r e l l a  /I3 A 
B 
C 
C h l o r e l l a  /I4 A 
B 
Chlamvdomonas /I1 A 
B 
Table 7. Summary of Phosphorus Concentrations i n  Reconst i tuted 
Algal Cul ture  Sol ids  Solut ions.* 
Ortho P, ug Organic P, ua 
Algal Cul ture  Theoret ical* Recovered - % Theoret ical* Recovered - % 
Anabaena I/lA/B 9611 ,1710 17.8 656 171 20.3 
Anabaeng #1C  3203 2340 72.7 219 128 58.5 
*Theoret ical  va lue  based upon 100% recovery of m a t e r i a l  from o r i g i n a l  s o l u t i o n  volume. 
suorsuamya uunlo3 xap-eydag -8 a1q-eL 
Absorbance a t  620 nm (BD 2000) 
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10 and 11 show t h e  behavior  of C h l o r e l l a  No. 1 B  and 4A/B DOP on Sephadex 
G-75. The bu lk  of t h e  DOP is  obviously r e l a t i v e l y  low molecular weight  
m a t e r i a l  a l though a smal l  amount of DOP is excluded from t h e  column and 
some m a t e r i a l  is p re sen t  which corresponds t o  t h e  i n t e rmed ia t e  molecular 
weight  range. 
The low molecular  weight peaks from t h e  Chlamydomonas and Ch lo re l l a  
systems were c o l l e c t e d ,  f r e e z e  d r i e d  and r ed i s so lved  f o r  f u r t h e r  i n v e s t i -  
g a t i o n  on o t h e r  g e l s .  
B.  G-10 Resu l t s :  The void volume de te rmina t ion  f o r  t h e  Sephadex 
G-10 column shown i n  F igu re  12 and t h e  e l u t i o n  p r o f i l e  f o r  t h e  G-75 low 
molecular  weight  f r a c t i o n  of t h e  C h l o r e l l a  No. 4A/B DOP shown i n  F igu re  
13 i n d i c a t e  t h a t  no s e p a r a t i o n  of or thophosphate  from DOP was achieved 
on t h e  G-10 g e l .  The primary reason  f o r  t h i s  l a c k  of s e p a r a t i o n  was 
due t o  e s s e n t i a l l y  complete exc lus ion  of t h e  or thophosphate  and t h e  DOP 
from t h e  G-10 g e l .  Very s i m i l a r  r e s u l t s  were experienced wi th  t h e  G-15 
g e l  f o r  t h e  G-75 low molecular weight f r a c t i o n  c o l l e c t e d  from t h e  
Chlamvdomonas No. 1 system. 
C .  G-25 Resu l t s :  F igure  14  demonstrates  t h e  s e p a r a t i o n  charac te r -  
i s t i c s  of t h e  Sephadex G-25 g e l  wi th  r e s p e c t  t o  known phosphorus com- 
pounds. This  p a r t i c u l a r  g e l  was deemed t h e  most d e s i r a b l e  f o r  s e p a r a t i o n  
and c h a r a c t e r i z a t i o n  purposes s i n c e  t h e  high and in t e rmed ia t e  molecular 
weight m a t e r i a l s  (between IHP and t h e  i n c l u s i o n  peak of t h e  G-75 p r o f i l e )  
would be  excluded from t h e  g e l  b u t  t h e  bu lk  of t he  c u l t u r e  DOP would b e  
expected t o  e l u t e  between t h e  p o s i t i o n  of t h e  IHP and or thophosphate .  
This  observa t ion  can be  made by examining t h e  r e l a t i v e  e l u t i o n  of t h e  
DOP peak and IHP on t h e  G-75 column. 
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Absorbance a t  630 nm 
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Cumulative Elution Volume (ml) 
Figure 13. G-10 Chromatogram of G-75 Low Molecular Weight 
Fraction of Chlorella No. 4, Fractions A and B, 
Media Solids 
Phosphorus Concentration (mg/l) 
In termedia te  I n o s i t o l  Phosphates 
Also of i n t e r e s t  a r e  the  e l u t i o n  volumes of t h e  in termedia te  i n o s i t o l  
phosphates; i . e . ,  IDP, ITriP,  ITetP, and IPP. Because these  compounds 
were n o t  found t o  be commercially a v a i l a b l e  and work wi th  enzymes t o  
breakdowq IHP was considered beyond t h e  scope of t h i s  i n v e s t i g a t i o n ,  some 
o t h e r  e s t ima te  of t h e i r  e l u t i o n  volumes was sought.  
Determann41 r e p o r t s  t h a t  t h e  e l u t i o n  volumes of substances on 
Sephadex a r e  a  funct ion  of t he  l o g  of t h e  molecular weight and i s  l i n e a r  
w i th  r e s p e c t  t o  the  parameter K where: 
av 
and : 
V = e l u t i o n  volume of substance 
e  
V = exclusion volume of column 
0 
V = t o t a l  volume of column 
t 
A p l o t  of t h e  log  of molecular w e i g h t =  K i s  usua l ly  l i n e a r .  Conse- 
av  
quently,  i f  one assumes t h e  i n o s i t o l  phosphates fol low t h i s  phenomenon, 
i t  is poss ib l e  t o  p r e d i c t  t h e  e l u t i o n  volumes of t he  in termedia te  i n o s i t o l  
phosphates when the  Ve of t h e  IHP and IMP a r e  known. By c a l c u l a t i n g  t h e  
Kav, t hese  two po in t s  can b e  p lo t t ed .  A s t r a i g h t  l i n e  is then drawn be- 
tween them and t h e  Kav f o r  t h e  in termedia te  i n o s i t o l  phosphates can be  
found. From t h e  K the  e l u t i o n  volumes can be c a l c u l a t e d ,  because t h e  
av  ' 
molecular weight of t h e  indiv idual  i n o s i t o l  phosphates i s  known. Table 
9 g ives  t h e  r e s u l t s  of t h i s  c a l c u l a t i o n  and p lo t .  
Table 9. Measured and Calculated Elu t ion  Volumes, and Kav f o r  t he  
I n o s i t o l  Phosphates. 
Molecular 
Elu t ion  
Volume 
Compound Weight Log MW K3T, m l  
IHP 660 2.819 . lo23 190 
IPP 580 2.763 ,1550 201 
ITetP 500 2.699 .2100 213 
ITr i P  4 20 2.623 .2750 227 
I D  i p  340 2.531 .3500 243 
IMP 260 2.412 .4512 265 
Since in termedia te  i n o s i t o l  phosphates were unavai lab le ,  t h e r e  was 
no way t o  test t h e  hypothesis  t h a t  a p l o t  of log  MW K ,would be  
av 
l i n e a r .  However, some es t imate  of t h e  e l u t i o n  volumes is needed and 
when r e fe rence  is  made t o  a peak poss ib ly  being an in termedia te  i n o s i t o l  
phosphate i t  should be  kept  i n  perspec t ive .  
Actual c u l t u r e  DOP molecular s i z e  d i s t r i b u t i o n s  on Sephadex G-25 
a r e  presented i n  Figures 15, 16 and 17 f o r  two s e p a r a t e  Ch lo re l l a  and 
one Anabaena c u l t u r e  respec t ive ly .  Figures 16 and 17 demonstrate t h e  
importance of maintaining low orthophosphate concent ra t ions  i n  t h e  
c u l t u r e s  a s  t h e  organic response t runca te s  i n  F igure  15, q u i t e  l i k e l y  
due t o  l o s s  of a n a l y t i c a l  s e n s i t i v i t y .  
An important f e a t u r e  of these  p r o f i l e s  is t h a t  s i g n i f i c a n t  quanti-  
t i e s  of DOP a r e  absent  i n  the  e l u t i o n  reg ion  of i n o s i t o l  hexaphosphate. 
Equally s i g n i f i c a n t  is t h a t  apprec iable  DOP i s  present  a t  e l u t i o n  
pos i t i on ing  corresponding t o  IMP and IDP. These observa t ions  l e d  t o  
ensuing i n v e s t i g a t i o n s  t o  eva lua te  t h e  presence of lower i n o s i t o l  
phosphates i n  the  c u l t u r e  media. 
Phosphorus Concen t ra t ion  (mg/l) 
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D. Conclusions: The r e s u l t s  obtained i n d i c a t e  t h a t  t h e  G-25 g e l  
a f f o r d s  t h e  b e s t  s epa ra t ion  of t h e  c u l t u r e  DOP exclus ive  of t h e  h ighes t  
molecular weight mater ia l .  Since t h e  l a t t e r  was present  i n  r e l a t i v e l y  
low abundance, t h e  G-25 g e l  a l s o  ope ra t e s  t o  s e l e c t i v e l y  pu r i fy  the  low 
molecular weight f r a c t i o n  of high and in termedia te  molecular weight 
c o n s t i t u e n t s ,  those  containing DOP and o t h e r  organic ma te r i a l s .  Such 
p u r i f i c a t i o n  is  i l l u s t r a t e d  i n  Figure 18 which is  a G-25 p r o f i l e  taken 
by using sample absorbance a t  400 nm. I n  t h i s  case ,  yel lowish colored 
organics  i n  genera l  would be  monitored and s e r v e  a s  a rough index of 
t h e  organic content  s ince  a v i s i b l e  spectrum of t h e  bulk s o l u t i o n  p r i o r  
t o  chromatographing yielded maximum absorbance a t  400 nm. 
V .  BROMINATION STUDIES 
A. Alka l ine  Bromination of IHP and IMP: Previous i n v e s t i g a t o r s  
have shown t h a t  i n o s i t o l  phosphates were r e s i s t a n t  to  t h e  severe  oxi- 
d i z ing  condi t ions  of a l k a l i n e  bromination. In  order  t o  use  t h i s  tech- 
nique t o  des t roy  o ther  organic phosphorus compounds and recover  i n o s i t o l  
phosphates from the  a l g a l  c u l t u r e  s o l i d s ,  known i n o s i t o l  phosphates 
were subjected t o  the  procedure t o  eva lua te  (1) recovery, (2) conversion 
t o  o the r  compounds and (3 )  changes i n  G-25 e l u t i o n  behavior.  The G-25 
r e s u l t s  obtained f o r  IHP and IMP (both obtained from Sigma Chemical 
Company) a r e  shown i n  Figures 19 and 20. Table 10 summarizes r e a c t i o n  
condi t ions  and recovery da ta .  
Low t o t a l  phosphorus recovery f o r  t he  IHP s o l u t i o n  is accounted f o r  
by t h e  formation of a p r e c i p i t a t e  upon n e u t r a l i z a t i o n .  For the  IMP 
s o l u t i o n ,  t h e  p r e c i p i t a t e  was redissolved i n  base,  analyzed, and a com- 
p o s i t e  va lue  repor ted .  The s i g n i f i c a n t  a spec t s  of these  r e s u l t s  and 
t h e  chromatograms a re :  
(1) IHP surv ives  a l k a l i n e  bromination although no t  q u a n t i t a t i v e  
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Tab le  10.  Summary of  A l k a l i n e  Bromination Cond i t ions  and R e s u l t s  f o r  IHP and IMP. 
S o l u t i o n  I n i t i a l  I n i t i a l  I n i t i a l  F i n a l  F i n a  1 F i n a l  % T o t a l  P m l  5 N m l  S a t .  B o i l i n g  
Compound Volume DOP % DOP DOP % DOP Recovered NaOH Br2-H20 Time P04 
1. IHP 10  m l  1232 ug 0.42 ug 99.9 4 0 9 u g  4 1 . 8 p g  90.7 36.6 1 0  1 0  60 
2. IMP 5.7 m l  650 ug 0 ?Jg 100 246 ug 402 ug 38 99.7 10  10  60 
1150 ug 10 0 0 ?Jg 0 0 10  --- 2 o* 3.  IMP 1 0  m l  0 Ug 60 
*An a d d i t i o n a l  1 0  m l  of bromine wa te r  added a f t e r  40 minutes  of b o i l i n g .  
and does no t  y i e l d  i n t e rmed ia t e  i n o s i t o l  phosphates upon degrada t ion .  
(2)  IMP su rv ives  a l k a l i n e  bromination al though excess  bromine 
added dur ing  t h e  r e a c t i o n  (No. 3 ,  Table 10) can r e s u l t  i n  complete 
d e s t r u c t i o n  of t h e  IMP. 
(3)  P o s s i b l e  product ion of a h igher  phosphate might occur from 
brominat ion of IMP (Figure  20) a l though t h e  presence of h igher  phos- 
pha tes  was n o t  eva lua ted  p r i o r  t o  bromination. The commercial IMP 
was des igna ted  a s  only 90 percent  pure,  consequently t he  e x t r a  peak 
may r e f l e c t  on impuri ty .  
(4) The r e s p e c t i v e  e l u t i o n  p o s i t i o n s  on G-25 of IHP and IMP a f t e r  
a l k a l i n e  bromination w e r e  co inc iden t  wi th  t h e  unbrominated s o l u t i o n s  
(F igure  1 4 ) .  
The peak a t  V = 23 m l  i n  F igure  20 corresponds roughly t o  IT r iP  
e 
based on t h e  v a l u e s  of Table  9 bu t  i ts  n a t u r e  and o r i g i n  remained un- 
c e r t a i n .  
B. Orthophosphate Peak Ta i l i ng :  Observation of F igures  19 and 20 
r e v e a l s  s t r o n g  t a i l i n g  which could imply binding i n  s o l u t i o n  wi th  re- 
s i d u a l ,  low molecular weight m a t e r i a l  which i n  t u r n  is adsorbed by t h e  
41 g e l  ma t r ix  (Determann . A l t e r n a t i v e l y ,  t h e  bromination procedure was 
considered t o  be  r e spons ib l e  f o r  t h i s  behavior  and was s o  i n v e s t i g a t e d  . 
Figure  21 demonstrates t h a t  t h e  presence of bromine i n  an  orthophos- 
pha te  s o l u t i o n  was no t  r e spons ib l e  f o r  t h e  t a i l i n g .  However, t h e  
r e a c t i o n  cond i t i ons  and subsequent sample t reatment  r e s u l t  i n  a f i n a l  
s o l u t i o n  of h igh  i o n i c  s t r e n g t h .  To s imu la t e  t h i s  s i t u a t i o n ,  or tho-  
phosphate i n  0.8 N NaCl was chromatographed and exh ib i t ed  pronounced 
t a i l i n g  (F igure  21). Because t h e  h igher  molecular weight c o n s t i t u e n t s  
qu ick ly  s e p a r a t e  from t h e  inorganic  s p e c i e s  on t h e  column, t h e  DOP 
Orthophosphate Concentration (mg/l) 
peaks a r e  of expected symmetry and should exper ience  no e f f e c t s  from 
t h e  h igh  i o n i c  s t r e n g t h .  
C .  Bromination of Alga l  Cu l tu re  Solu t ions :  To d e f i n e  t h e  p o s s i b l e  
presence of t h e  lower i n o s i t o l  phosphates i n  t h e  DOP of a l g a l  c u l t u r e s ,  
a l k a l i n e  brominat ion t o  des t roy  o t h e r  organics  and t h e  non- inos i to l  phos- 
pha tes  was undertaken. Rechromatographing t h e  brominated s o l u t i o n s  on 
G-25 would then provide a mechanism f o r  a s s ign ing  t e n t a t i v e  i d e n t i t y  t o  
t h e  ox ida t ion  r e s i s t a n t  phosphorus compounds. Table 11 i d e n t i f i e s  t h e  
c u l t u r e  subsamples subjec ted  t o  a l k a l i n e  bromination and summarizes t h e  
r e a c t i o n  cond i t i ons ,  r ecove r i e s  ob ta ined ,  and i n d i c a t e s  t h e  f i g u r e s  
corresponding t o  t h e  r e s p e c t i v e  G-25 chromatograms a f t e r  a l k a l i n e  bro- 
mina t ion .  
(1) F igu re  22. Of no t e  i n  t h e  chromatogram, is t h e  absence of any 
h igh  molecular weight o rganic  phosphorus. Bromination of t h e  sample h a s  
completely des t royed  t h i s  h ighe r  molecular weight m a t e r i a l .  There is 
no peak a t  t h e  e l u t i o n  volume of IHP. Nor is t h e r e  a peak a t  t h e  ca l -  
cu l a t ed  e l u t i o n  voiumes of IPP, ITr iP ,  o r  ITetP. There is,  however, a 
d i s t i n c t  peak a t  Ve=250 m l .  This  peak is  c l o s e  t o  t h e  c a l c u l a t e d  e l u t i o n  
volume of IDP which is 243 m l .  The V of 243 m l  is t h e  c a l c u l a t e d  v a l u e  
e 
based on t h e  assumption t h a t  t h e  i n o s i t o l  phosphates a r e  e l u t e d  a s  a 
l i n e a r  f u n c t i o n  of t h e  l og  of t h e i r  molecular weight wi th  r e s p e c t  t o  t h e  
parameter K (Table 9 ) .  I t  is poss ib l e ,  t he re fo re ,  t h a t  t h i s  peak may 
av  
b e  IDP. 
The nex t  peak is e lu t ed  a t  Ve = 265 m l .  This is t h e  e l u t i o n  volume 
of IMP. Conceivably t h e  m a t e r i a l  e l u t e d  a t  t h i s  p o i n t  i s  IMP. The 
peak begins  t o  d i p  and is then followed by a "shoulder." This  is 
T a b l e  11. Summary of A l k a l i n e  Bromination Condi t ions  and R e s u l t s  f o r  A l g a l  C u l t u r e  
S o l u t i o n  I n i t i a l  I n i t i a l  F i n a l  F i n a l  G-25 
Volume DOP P04 I n i t i a l  DOP PO4 F i n a l  % T o t a l  P m l  5 N m l  sa t .  R o i l i n g  Chroma- Sample m l  lJ g 1-1 8 %DOP 1-18 ~g XDOP Recovered NaOH Br,-H,O Time togram 
C h l o r e l l a  {ll-C 9oa F i g .  22 
C h l o r e l l a  jl2-C 9 8 906 5 9 93.9 587 185  76.0 80.0 1 0  1 0  6 0 F i g .  23 
C h l o r e l l a  jl2-C 
Rechroma tographed 22 6 0 F i g .  24 
Anabaena Ill-C 1 0  51  9 6 34.7 7 .5  110 6.4 79.5 1 0  1 0  60 Foot- 
n o t e  C 
Anabaena #2-A&B 4 8 128  164 43.8 1 2 1  147 4 5 . 1  91.8 1 0  1 0  6od F i g .  25 $ 
I 
a. Ten m l  bromine w a t e r  added i n i t i a l l y  and b o i l e d  60 minu tes ,  5 m l  a d d i t i o n  bromine w a t e r  p l u s  30 minu tes  b o i l i n g .  
b .  F r a c t i o n s  from V = 248 t o  Ve = 296 pooled,  rebrominated and rechromatographed. 
e 
c .  G-25 chromatogram i n c o n c l u s i v e  because  t o t a l  phosphorus i n  c o l l e c t e d  f r a c t i o n s  below t h e  r e l i a b l e  l i m i t  f o r  t h e  
a n a l y s i s  p rocedure  u s i n g  1 cm l i g h t  p a t h .  








































Phosphorus Concentration (mg/l) 
b e l i e v e d  t o  b e  an  a n a l y s i s  a r t i f a c t  c r e a t e d  by t h e  ex t remely  h i g h  o r tho-  
phosphorus c o n c e n t r a t i o n  of t h e  sample r e l a t i v e  t o  t h e  o r g a n i c  P con- 
c e n t r a t i o n .  I f  t h e  DOP e l u t e d  i n  t h e s e  two peaks is  IMP and IDP, i t  
would r e p r e s e n t  16.8  p e r c e n t  of t h e  o r i g i n a l  DOP of t h e  sample i f  t h e r e  
i s  100 p e r c e n t  r ecovery .  S i n c e  n e i t h e r  100 p e r c e n t  r ecovery  of IHP nor  
of IMP was ach ieved  w i t h  s t a n d a r d  s o l u t i o n s ,  t h e  16 .8  p e r c e n t  f i g u r e  
may t h e n  b e  viewed as a lower l i m i t .  I n  o t h e r  words,  t h e  amount o f  IMP 
and IDP may b e  g r e a t e r  than  1 6 . 8  p e r c e n t  of t h e  DOP recovered  from t h e  
c u l t u r e  s o l i d s .  
(2 )  F i g u r e  23. The chromatogram shows t h a t  a l l  of t h e  h i g h e r  
molecu la r  we igh t  DOP h a s  been d e s t r o y e d .  There  i s  no peak a t  t h e  e l u t i o n  
volume of IHP; i . e . ,  V = 190 m l  and none a t  t h e  c a l c u l a t e d  , e l u t i o n  
e 
volume of IPP; i . e . ,  Ve = 201 m l .  Th i s  i n d i c a t e s  t h e  absence  of t h e s e  
compounds i n  q u a n t i t i e s  s u f f i c i e n t  t o  d e t e c t  t h e i r  p r e s e n c e  e i t h e r  be- 
c a u s e  t h e y  were n o t  i n  t h e  c u l t u r e  media o r  they  were n o t  r ecovered  i n  
s u f f i c i e n t  q u a n t i t i e s  a f t e r  brominat ion.  
A t  approx imate ly  V = 207 m l ,  a n  o r g a n i c  phosphorus peak b e g i n s  t o  
e 
deve lop  which h a s  i t s  maximum a t  V = 240 m l .  The major DOP peak occurs  
e 
a t  a Ve of 268 m l .  Organic  phosphorus f ragments  c a n  b e  s e e n  from Ve = 
300 m l  t o  350 m l .  The t a i l i n g  of t h e  or thophosphorous  peak,  i . e . ,  t h e  
"sal t  e f f e c t , "  i s  a l s o  e v i d e n t .  
The p o s s i b i l i t y  of n o n - i n o s i t o l  DOP fragments  making up a p a r t  on 
even t h e  b u l k  of t h i s  m a t e r i a l  e x i s t s .  C e r t a i n l y  some fragments  a r e  
p r e s e n t  as evidenced i n  t h e  e l u t i o n  volumes g r e a t e r  than  V = 300 m l .  
e 
I n  o r d e r  t o  v e r i f y  t h e  p resence  of i n o s i t o l  phosphates  i n  t h e  e l u t i o n  
volumes under  t h e  o r g a n i c  phosphorus peaks ,  t h e  e l u t e d  f r a c t i o n s  from 
Phosphorus Concentration (mg/l) 
V = 248.2 m l  t o  296.2 m l  were pooled. This  amounted t o  28 m l  of pooled 
e 
samples. Of t h i s ,  6 m l  was removed f o r  performing t h e  ~ i e ~ 1 ~ ~  co lo r  
s p e c i f i c  test f o r  i n o s i t o l  ( s e e  page ) . 
(3 )  Figure  24. The remaining 22 m l  of pooled sample was then sub- 
j ec t ed  t o  a l k a l i n e  bromination a second t i m e  i n  t h e  same manner a s  t h e  
o r i g i n a l  Ch lo re l l a  No. 2 C .  
I n spec t ion  of t h e  chromatogram r e v e a l s  t h e  presence of two d i s t i n c t  
peaks.  One peak a t  Ve = 265 m l  and ano the r  a t  Ve = 244 m l .  The former 
peak appears  a t  t h e  V of IMP and t h e  l a t t e r  peak a t  t h e  c a l c u l a t e d  Ve 
e 
of IDP (Table 9 ) .  
(4) F igu re  25. Inspec t ion  of t h e  chromatogram r e v e a l s  s e v e r a l  
t h ings .  The most important observa t ion  is t h a t  t h e  a l k a l i n e  bromination 
t rea tment  d i d  no t  de s t roy  a l l  of t h e  non- inos i to l  phosphates.  DOP can 
be  seen  i n  t h e  h igh  molecular weight exc lus ion  volume, Ve = 168 m l .  Ob- 
v ious ly  excluded DOP survived the  o x i d a t i v e  cond i t i ons  of t h e  t rea tment .  
Also n o t i c e a b l e  a r e  a s e r i e s  of a very  i r r e g u l a r  peaks a f t e r  Ve = 288 m l .  
These i r r e g u l a r  peaks had no t  been observed i n  previous chromatograms 
and t h e i r  i r r e g u l a r i t y  does no t  suggest  a s i n g l e  component. A l a r g e  peak 
a t  Ve = 269 m l  does imply t h e  l i k e l y  presence of a s i n g l e  component. The 
peak is sharp ,  symmetrical and e l u t e s  p r i o r  t o  t h e  i n c l u s i o n  volume. A 
comparison of t h e  Anabaena phosphorous p r o f i l e  be fo re  a l k a l i n e  bromina- 
t i o n ,  (F igure  17) r e v e a l s  t h a t  a much h ighe r  percentage of t he  DOP is 
below t h e  exc lus ion  l i m i t  of t h e  G-25 g e l .  
R e s u l t s  f o r  t h e  Anabaena c u l t u r e  a r e  l e s s  conc lus ive  than those  f o r  
t h e  Ch lo re l l a  c u l t u r e s .  The major problem seemed t o  b e  incomplete oxi- 
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Organic Phosphorus Concentrat ion (mg/l) 
o x i d a t i o n  (Foo tno te  d ,  Tab le  1 1 ) .  Limited sample and low o v e r a l l  DOP 
prevented a  rebromina t ion  a s  was ach ieved  w i t h  t h e  C h l o r e l l a  No. 2  C 
sample.  While t h e  p r e s e n c e  o r  absence  of i n o s i t o l  phospha tes  is  un- 
c e r t a i n ,  t h e  l a r g e  peak a t  Ve = 267 m l  does  n o t  r u l e  o u t  t h e  p o s s i b l e  
p r e s e n c e  of IMP. 
D.  Spot  T e s t s :  The ~ i e ~ 1 ~ ~  s p o t  test f o r  i n o s i t o l  was a p p l i e d  t o  
t h e  IMP samples s u b j e c t e d  t o  a l k a l i n e  b romina t ion  (No. 2  and 3 ,  Table  
1 0 ) .  The f i r s t  gave a  p o s i t i v e  response  ( l i g h t  brown) w h i l e  t h e  second 
y i e l d e d  a  n e g a t i v e  r e s u l t  a s  would b e  expected.  I n  a d d i t i o n ,  t h e  f r a c -  
t i o n s  from t h e  G-25 chromatogram of brominated IMP (Ve = 210 t o  290, 
F i g u r e  20) were  c o l l e c t e d ,  combined and s u b j e c t e d  t o  t h e  s p o t  test 
procedure .  P o s i t i v e  r e s u l t s  were  o b t a i n e d .  
A p o r t i o n  of t h e  composite f r a c t i o n s  recovered  from t h e  G-25 
chromatogram of t h e  brominated C h l o r e l l a  s o l i d s  (V = 248 t o  296, F i g u r e  
e  
22) were  t r e a t e d  i n  a  s i m i l a r  manner and y i e l d e d  a  p o s i t i v e  response .  
Although, c e r t a i n l y  n o t  c o n c l u s i v e  w i t h o u t  a d d i t i o n a l  c o n f i r m a t i o n ,  
t h e s e  r e s u l t s  do s t r e n g t h e n  t h e  p o s s i b l e  p r e s e n c e  of IMP and perhaps  
o t h e r  i n o s i t o l  phosphates  i n  a l g a l  c u l t u r e  DOP. 
E.  Conclusions:  The r e s u l t s  of t h e  b romina t ion  s t u d i e s  coupled 
w i t h  Sephadex s e p a r a t i o n s  and t h e  i n o s i t o l  s p o t  test on known compounds 
and t h e  a l g a l  c u l t u r e  s o l i d s  p r o v i d e s  s t r o n g  c i r c u m s t a n t i a l  ev idence  
f o r  t h e  p resence  of IMP and p o s s i b l y  o t h e r  lower i n o s i t o l  phosphates  i n  
t h e  o v e r a l l  a l g a l  c u l t u r e  DOP. I n  s p i t e  of t h e  p r e s e n c e  of IHP i n  s o i l  
and l a k e  sediment  o r g a n i c  phosphorus,  t h e  r e s u l t s  of t h e s e  s t u d i e s  show 
t h a t  t h e  a l g a e  s t u d i e d  a r e  n o t  a  s o u r c e  of IHP. Before  a  d e f i n i t i v e  
s t a t e m e n t  could  b e  made r e l a t i v e  t o  n a t u r a l  wa te r  DOP, a  g r e a t  d e a l  
more work is n e c e s s a r y  w i t h  a  much wider  r a n g e  of a l g a l  s p e c i e s .  S p e c i f i c  
and c o n c l u s i v e  i d e n t i f i c a t i o n  of a l g a l  IMP obvious ly  remains t o  b e  ac- 
complished.  
, . 
V I .  SILYLATION STUDIES 
Attempts t o  form t r i m e t h y l s i l y l  d e r i v a t i v e s  of known phosphorus 
compounds a r e  summarized i n  Table 12. Both HMDS-TCMS and BSTFA pro- 
cedures  were used i n  e i t h e r  dimethyl formamide (DMF) o r  p y r i d i n e  so lven t .  
Although gas  chromatographic peaks were ob ta ined ,  l i t t l e  information of 
v a l u e  r e s u l t e d  from these  s t u d i e s  because of ins t rumenta l  problems and 
t h e  c e n t r a l  focus  of t h e  r e sea rch  a c t i v i t i e s  i n  o t h e r  a r ea s .  The b a s i c  
r e s e a r c h  p l an  was t o  a s s i g n  s p e c i f i c  i d e n t i t y  t o  phosphorus d e r i v a t i v e s  
by u s e  of t h e  phosphorus s p e c i f i c  a l k a l i  f lame d e t e c t o r .  Attempts to  
ach i eve  proper  func t ion  of t h i s  d e t e c t o r  w e r e  n o t  s u c c e s s f u l  i n  t h e  t ime 
a v a i l a b l e .  Consequently, t h e  peaks f o r  known cdmpounds and those  ob ta in-  
ed upon s i l y l a t i o n  of t h e  C h l o r e l l a  No. 4, F rac t ion  A/B,  sample recover- 
ed from t h e  Sephadex G-10 g e l  (chromatogram of F igu re  13)  cannot b e  
a t t r i b u t e d  t o  phosphorus conta in ing  d e r i v a t i v e s .  
Even though t h e s e  s t u d i e s  were e s s e n t i a l l y  non-productive w i th  re -  
s p e c t  t o  meaningful information,  they  a r e  mentioned f o r  t h e  s ake  of 
completeness.  Furthermore, some b a s i c  information was ob ta ined  regard-  
ing  u s e f u l  columns and temperatures  f o r  s e p a r a t i o n  procedures  which w i l l  
be  of v a l u e  i n  cont inu ing  s t u d i e s  t o  be i n i t i a t e d  i n  t h e  summer of 1974. 
(See S ign i f i cance  of Research s e c t i o n ) .  Of t h e  columns i n v e s t i g a t e d  
(OV-17, DC-200, QF-1, SE 30 and SE 52) only t h e  SE 52 y i e lded  s e p a r a t i o n s  
a t  a  temperature  of 220 t o  240' C .  A l l  compounds i n v e s t i g a t e d  inc luding  
t h e  G-10 sample had s e v e r a l  peaks i n  common. The f i r s t  o b j e c t i v e  of con- 
t i n u i n g  s t u d i e s w i l l  b e  t o  a s s i g n  an i d e n t i t y  t o  t h e s e  peaks. A t  t h i s  
p o i n t ,  i t  must b e  assumed t h a t  t h e s e  common peaks r ep re sen t  r e a c t i o n  by- 
products  of t h e  s i l y l a t i o n  r e a c t a n t s .  
Table 12. Retent ion  Time Data f o r  T r ime thy l s i ly l a t ion  Products on A l l  Glass Gas 
Chromatographic Columns (FID Detector)  
Column 1. Five  percent  QF-1 on Varaport 30 (100/120) 
Operating condi t ions :  Column temperature - 140' Co 
I n j e c t i o n  temperature - 198 C 
Detector  temperature - 200 C 
Compound Der iva t i za t ion  Peak Retent ion Time ( r e l a t i v e  t o  i n j e c t i o n )  
(NH4) 2HP04 BSTFA i n  DMF 6.3 min. 6.72 min. 
(NH4) H2PO4 BSTFA i n  DMF 6.2 min. 7.3 min. 
Control  BSTFA i n  DMF 6.3 min. --- 
Column 2. Five percent  SE 52 on Varaport 30 (100/120) 
Operating condi t ions  : Column temperature - 240' Co 
I n j e c t i o n  temperature - 288 C 
Detector  temperature - 280 C 
Compound 
NH Adenosine 5'-phosphate 4 
NH4 Adenosine 5'-phosphate 
NH Adenosine 5'-phosphate 4 
NH4 Adenosine 5'-phosphate 
I n o s i t o l  Hexaphosphate (NH4) 
Inos it01 Hexaphosphate (NH4) 
NH4-B Glycerophosphate 
G-10 i s o l a t e  
Der iva t i za t ion  
HMDS-TCMS i n  DMF (2  h r . )  
HMDS-TCMS i n  DMF (18 h r . )  
BSTFA i n  DMF (2  h r  .) 
BSTFA i n  DMF (18 h r  .) 
HMDS-TCMS i n  DMF (15 min.) 
HMDS-TCMS i n  DMF (2 h r  .) 
HMDS-TCMS i n  DMF 
BSTFA i n  DMF (2 h r  .) 
Peak Retent ion Times ( r e l a t i v e  
t o  so lven t  f r o n t )  
6.00 min. 8.63 min. 10.31 min. 
5.63 min. 8.44 min. 10.13 min. 
5.63 min. 9.75 min. 12.38 min. 
5.63 min. --- 12.38 min. 
5.81 min. --- --- 
5.81 min. 9.75 min. --- 
5.44 min. 8.44 min. 9.94 min. 
5.72 min. 8.06 min. 9 .94min .  
G-10 i s o l a t e  BSTFA i n  DMF (24 h r . )  5.63 min. --- 9.94 min. 
V I I .  SIGNIFICANCE OF RESEARCH 
The primary s i g n i f i c a n c e  of t h i s  p r o j e c t  h a s  been t h e  t e n t a t i v e  iden- 
t i f i c a t i o n  of i n o s i t o l  monophosphate and poss ib ly  i n o s i t o l  diphosphate  
i n  a l g a l  c u l t u r e  DOP. Secondly, i n o s i t o l  hexaphosphate, a  primary con- 
s t i t u e n t  of s o i l  and l a k e  sediment o rgan ic  phosphorus, was no t  found t o  
be  a  major c o n s t i t u e n t  of t h e  a l g a l  c u l t u r e  DOP al though i ts  presence 
could no t  be  conc lus ive ly  ru l ed  o u t .  These r e s u l t s  now provide a  
s p e c i f i c  compound upon which f u r t h e r  r e sea rch  can focus  w i th  t h e  o b j e c t i v e  
of f i r s t  conc lus ive  i d e n t i f i c a t i o n  and q u a n t i t a t i o n  i n  a l g a l  c u l t u r e  
systems and u l t i m a t e l y  i n  n a t u r a l  waters .  
The DOP product ion c h a r a c t e r i s t i c s  of s e v e r a l  a l g a l  c u l t u r e s  have 
been e s t ab l i shed .  These r e s u l t s  can be  app l i ed  d i r e c t l y  t o  f u r t h e r  
i n v e s t i g a t i o n s  t o  b e  i n i t i a t e d  J u l y  1, 1974, under t h e  Phase I1 p r o j e c t  
approved f o r  funding by The Un ive r s i t y  of Tennessee, Water Resources 
Research Center .  S imi l a r ly ,  t h e  i n v e s t i g a t i o n s  wi th  Sephadex g e l  
f i l t r a t i o n  have e s t ab l i shed  t h a t  t h e  G-25 g e l  a f f o r d s  t h e  most u seab le  
s e p a r a t i o n  c h a r a c t e r i s t i c s  f o r  f r a c t i o n a t i n g  and d e s a l t i n g  t h e  DOP com- 
pounds. 
The need f o r  more a  s e n s i t i v e  phosphorus de te rmina t ion ,  even wi th  t h e  
concen t r a t i on  procedures employed, has  been documented and has  prompted 
t h e  Phase I1 experimental  de s ign  t o  c e n t e r  about  t h e  u se  of rad io- labe led  
phosphorus 32.  S u f f i c i e n t  background information was generated i n  t h e  
completed r e sea rch  t o  make t h i s  f e a s i b l e .  
A p o s i t i v e  s t e p  toward b e t t e r  d e f i n i t i o n  of t h e  n a t u r a l  phosphorus 
c y c l e  has  been accomplished by providing a  small  amount of a d d i t i o n a l  
knowledge about  t h e  DOP compartment i n  t h i s  cyc le .  Avenues f o r  f u r t h e r  
r e sea rch  have been e s t ab l i shed  by t h e  completed p r o j e c t  and these  r e s u l t s  
have a ided  i n  t h e  formulat ion of a  proposal  submitted and approved a s  
mentioned above. 
A s  a  f i r s t  s t e p  i n  communication of t h e s e  r e s u l t s ,  a  paper has  been 
submitted t o  t h e  37th National  Meeting of t h e  American Socie ty  of 
Limnology and Oceanography. A mas ter ' s  t h e s i s  e n t i t l e d ,  " I n o s i t o l  
Phosphates i n  Algal Cultures"  by M r .  Kenneth A. Walanski, has  been gen- 
e r a t e d  by t h i s  p r o j e c t  and jou rna l  pub l i ca t ion  of t h e  r e sea rch  i s  
a n t i c i p a t e d .  
Addi t iona l  educa t iona l  b e n e f i t s  have been der ived  from t h i s  p r o j e c t  
through p a r t i a l  suppor t  of two o the r  graduate  s tuden t s  and t h e  p r a c t i c a l  
r e sea rch  experience gained through t h e i r  p a r t i c i p a t i o n .  
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